Protein immobilization on surfaces is of great importance in numerous applications in biology and biophysics. The key for the success of all these applications relies on the immobilization technique employed to attach the protein to the corresponding surface. Protein immobilization can be based on covalent or noncovalent interaction of the molecule with the surface. Noncovalent interactions include hydrophobic interactions, hydrogen bonding, van der Waals forces, electrostatic forces, or physical adsorption. However, since these interactions are weak, the molecules can get denatured or dislodged, thus causing loss of signal. They also result in random attachment of the protein to the surface. Site-specific covalent attachment of proteins onto surfaces, on the other hand, leads to molecules being arranged in a definite, orderly fashion and uses spacers and linkers to help minimize steric hindrances between the protein surface. This work reviews in detail some of the methods most commonly used as well as the latest developments for the site-specific covalent attachment of protein to solid surfaces.
Introduction
Many experimental approaches in biology and biophysics as well as applications in diagnosis and drug discovery require proteins to be immobilized on solid substrates. [1] [2] [3] [4] [5] In fact the idea of creating protein arrays (i.e. arrays of proteins attached to a solid support) has started to attract increasing attention over the last three years due to the completion of several genomes including the human one. Once a whole genome has been deciphered, the daunting task of determining the function of each protein encoded in the genome still has to be carried out. Protein arrays can be easily used for such analysis in a parallel fashion. [6] [7] [8] Various methods are available for attaching proteins to solid surfaces. Most rely on nonspecific adsorption, 9, 10 or on the reaction of chemical groups within proteins (mainly, amino and carboxylic acid groups) with surfaces containing complementary reactive groups. 11, 12 In both cases the protein is attached to the surface in random orientations. 13 The use of recombinant affinity tags addresses the orientation issue. However, in most cases the interactions of the tags are reversible (e.g., glutathione S-transferase, maltose binding protein and poly-His 6, 14, 15 ) and therefore not stable over the course of subsequent assays or require large mediator proteins (e.g., biotin-avidin and antigen antibody [16] [17] [18] [19] [20] ). Covalent attachment and orientation of a protein to a solid support requires two unique and mutually reactive groups on the protein and the support surface. The reaction between these two groups should be highly chemoselective, thus behaving like a molecular 'velcro'. Also, the reaction should work under physiological conditions (i.e. in aqueous buffers around pH 7) in order to avoid the denaturation of the protein during the coupling step. Finally, it is desirable that the reactive group on the protein could be obtained using recombinant protein expression techniques.
The scope of this work is to review some of the methods most commonly employed as well as the latest developments for the chemoselective immobilizing proteins onto surfaces.
Chemoselective attachment and its requirements
The principle of chemoselectivity, sometimes referred as orthogonality, is fundamental to modern protein chemistry, and it describes the ability to selectively modify one functional group in the presence of other chemical groups. In order to be useful for protein attachment the corresponding reaction must happen between a unique chemical group present or introduced in the protein with a complementary group contained on a surface where the protein will be attached (see Fig. 1 ). This reaction must not be affected by the presence of the other reactive groups in the protein (i.e. amino, carboxylic acid, thiol and hydroxyl). In this way the protein is specifically attached to the surface through a unique reacting moiety which provides control of the orientation of the protein on the surface. Also, the reaction between the two complementary groups has to be compatible with physiological conditions (i.e. aqueous buffers at neutral pH) in order to avoid the denaturation of the protein during the coupling step. Furthermore, since most of the proteins can only be obtained through recombinant methods, it also desirable to have an easy and general way to introduce these reactive groups into the protein using protein expression techniques. 
Short survey in chemical modification of surfaces
When trying to attach proteins to surfaces the most common employed surfaces are silicon based (e.g. glass slides or Si/SiO 2 wafers) or metals (mainly Au and Ag). The most used agent for chemically derivatizing silicon based surfaces is (γ -aminopropyl)trialkoxylsilane (APS, see Fig. 2A ) [21] [22] [23] which is relatively cheap and easy to handle. Moreover, the presence of the amine group allows to carry out a variety of subsequent chemical transformations to produce the desired complementary chemical moieties that will react with the appropriately modified protein. The reaction between the silane and the surface hydroxyl groups seems rather simple but is nevertheless rather complex. In aqueous solvents the amino group rapidly catalyzes the hydrolysis of the alkoxy groups. These hydrolyzed silane molecules do not only react easily with the surface silanol groups but also condense with each other to form siloxane oligomers. Remaining alkoxy groups and hydroxyl groups can form then hydrogen bonds with surface silanols and amine groups or form cross-links within the coupling layer (see Fig. 2B ). Baking the silanized surface for a short period of time after the silanization process has been shown to help in increasing the degree of crosslinking and hence the hydrolytic stability of the corresponding surface. Structural investigations have shown, that in fact the APS molecules in these threedimensional polysiloxane networks can be in many conformations and orientations with respect to the surface and form definitely no monolayers. 24 Ideal APS monolayers, as shown in Figure 2C , are only formed by vapor phase silanization techniques. 21, 22 Another approach to modify SiO 2 -based surfaces is to use long-chain trichlorosilanes. These molecules react faster with the silanol groups of the surface and also due to self-assembling character of the long alkyl chains, as result of the lateral van der Waal forces between the alky chains, are able to form densely packed highly ordered monomolecular assemblies with solidstate-like properties. 25 Unfortunately, the use of APS analogues with long alkyl chains such as (17-aminoheptadecil)-trimethoxysilane, does not give rise to well ordered monolayers. 26 This is very likely due to the hydrogen bond formation between the amine group and silanol surface. Proper chemical derivatization of the resulting monolayer can be achieved by using 1-bromo-16-(trichlorosilyl)hexadecane, which forms close packed ordered monolayers. 27 The bromo groups can be later substituted by azide anions which can be subsequently reduced to amine groups. Heise and co-workers 28 have also shown that mixed self-assembled monolayers (also known as SAMs) can be used for tuning the concentration of amine groups on the surface (see Fig. 3 ). These amino groups can be easily derivatized with the desired complementary chemical group for the reaction with the adequate protein derivative. 29 Another approach for derivatizing a surface suitable for the attachment of proteins is the use of a metal substrate like gold. 29 Sulfur and selenium compounds have a strong affinity for this transition metal and they are also able to coordinate very strongly to other transition metals such as silver, copper and platinum. 30 The most studied system, however, is the use of alkanethiols on Au(111) surfaces. Chemisorption of alkanethiols as well as alkyl disulfides on clean gold gives rise to similar levels of surface coverage, although thiols react faster than disulfides. 31 The reaction between the gold surface and the disulfide happens through a simple oxidative addition of the S-S bond to the gold surface:
In the alkanelthiol case, the reaction may be considered formally as an oxidative addition of the S-H bond to the gold surface, followed by a reductive elimination of the hydrogen. When a clean surface is used this hydrogen probably ends as a H 2 molecule:
The combination of hydrogen atoms at the metal surface to yield molecular hydrogen is thought to be an important exothermic step in the overall chemisorption energetics. The bonding of the thiolate to the gold surface is very strong (homolytic bond strength is 
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Alkylaminothiols are the most common species used for the preparation of functionalized gold surfaces. Among them, cysteamine (HS-CH 2 -CH 2 -NH 2 ) is probably the most used, [33] [34] [35] [36] in part due to its availability. Mercaptoalkyl carboxylic acids (HS-(CH 2 ) x -CO 2 H)) can also be used to introduce a reactive group on the gold surface, 36 however the amine group has slightly more potential than the carboxylic group for introducing chemical diversity on the surface.
As stated earlier for the silanes, the thiol molecule should contain long alkyl chains when ordered and packed surfaces are a requirement. Whitesides and coworkers 14, 15, 37, 38 have developed several chemical approaches for the synthesis of functionalized long chain alkane thiols. Key to all these approaches is the incorporation of a tri-(ethylene glycol) (TEG) moiety to the alkanethiol, which has been shown to decrease the non-specific adsorption of proteins to surfaces. 8, [38] [39] [40] In our group we have developed a new efficient solid-phase scheme for the rapid generation of modified long alkanethiols 8, 40 (see Fig. 4 ). The first step involves the immobilization of the corresponding ω-mercaptoalkanoic acid on a trityl chloride resin. The thiol moiety of the carboxylic acid reacts selectively with the trityl chloride resin forming a thioether which results in the immobilization of the ω-mercaptoalkanoic acid on the solidsupport. The free carboxylic function is then activated with HBTU (2-(1H-benzotriazole-1-yl)-1,1,3,3-tetramethyuronium hexafluorophosphate) (HBTU) in DMF (dimethylformamide) after which is reacted with a mono-protected diamine. This step transforms the previous carboxylic function in a more versatile amino group. After the deprotection step, the amino group is then acylated with a TEG molecule incorporating both a protected amino and carboxylic groups. This step incorporates a TEG moiety to the thiolalkane at the same that keeps the amino group that can be then derivatized with the appropriate complementary reactive moiety. The final step involves the cleavage and deprotection of the product from the resin, which is accomplished by treatment with trifluoroacetic acid (TFA). 
Chemoselective attachment of proteins to surfaces
Most of the methods suitable for the chemoselective attachment of proteins to surfaces are based on ligation methods originally developed for the synthesis, semi-synthesis and selective derivatization of proteins by chemical means. [41] [42] [43] [44] All these methods involve the derivatization of a protein with a unique chemical group at at a defined position, which will be later reacted chemoselectively with a complementary group previously introduced into the surface. In the following sections will review some of the most commomly employed as well as the more recently developed chemoselective reactions available to the biochemist.
Immobilization of thiol-containing proteins
Cysteine is the only amino acid containing a thiol group in its side-chain and its relative abundance in the average protein is rather small (<2%). Thiols have a pK a of around 8.5 and they are nucleophilic at pH 7. Under these conditions they can be reacted with high selectivity with some chemical groups like alkyl halides and maleimides compounds to form a stable thioether covalent bond (see Fig. 5 ).
One of the most commonly used alkyl halide derivatives is the iodoacetyl group, which can be easily introduced on amine-modified surfaces through its symmetrical anhydride. 45, 46 It is important to remark that the iodoacetyl group can potentially react at neutral pH with other nucleophiles present in the protein (e.g., the imidazole ring of the His residue and the α-amino group). However, when the iodoacetyl derivative is present in limiting quantities and the ligation is carried out at slightly alkaline pH, the alkylation of the Cys thiol group will be the exclusive reaction.
Another thiol-reactive group is the maleimide function. The double bond of the maleimide function undergoes a selective addition reaction by the thiol group (see Fig. 5 ). This reaction is extremely selective in the pH range 6.5-7.5 47 and only at higher pH values some cross- reactivity with amino groups may be observed. There are a great variety of commercial available reagents that can be used for introducing maleimide groups on an amine-derivatized surface. 23 All of them contain both the maleimido and N-hydroxysuccinimide groups. This provides a unique window of reactivity for the chemoselective attachment of proteins to surfaces through the thiol group of the amino acid Cys. Hence, the only requirements are: (1) complementary reactive groups (i.e., maleimide or iodoacetyl groups) onto the appropriate surface and (2) a unique and reactive Cys residue on the protein.
Reactive Cys residues should not be involved in any structural element (i.e. disulfide bonds, Zn fingers, etc.) and should be exposed in solvent accessible region of the protein. In the absence of an endogenous Cys residue, it will be necessary to introduce a Cys residue through mutation of a native residue. The effect of this Cys mutation on the structure and function of the protein can be easily minimized by following a few simple rules: (1) if the tertiary structure of the protein is known, choose a region remote from the active site of the protein, preferably in a flexible surface loop; (2) choose the mutation to be as conservative as possible, e.g., Ser→Cys or Ala → Cys; (3) avoid mutation of residues that are conserved across a gene family and (4) take advantage of any known mutational data on the system since the effect on structure/function of a specific residue mutations may already be known.
Bohn and co-workers 21 have used this approach for the preparation of oriented citochrome b5 nanostructures on a Ti:Zn glass substrate. In this case the surface was silanized with APS and then the resulting amino group was acylated with EMCS (N-hydroxy-succidinimyl 6-maleimidocaproate). The maleimido group was then reacted chemoselectively with a mutant of cytochrome b5 where the natural residue Thr8 was mutated to Cys which produced an ordered protein film. The same authors also investigated the effect of the linker length on the orientation of proteins specifically attached through a unique Cys residue. 48 For that purpose they used a genetically engineered myoglobin where the original residue Ala126 was mutated to Cys to introduce a unique thiol group in the protein. The mutated myoglobin was then reacted with self-assembled bromoalkylsilylated silica surfaces employing different linear alkyl chains varying in length. The results showed that the best ordering was accomplished with short (n = 2-3) and long (n > 11) alkyl chains. However, the stability of the protein was marginal when attached to long alkyl chains. This apparent instability was very likely due to the increased hydrophobic character of the surface. Edwards et al. 49 used in this case the naturally occurring thiol group of the Cys102 of yeast cytochrome c for the creation of a vectorially oriented monolayer of the bimolecular complex between yeast cytochrome c and bovine heart cytochrome c oxidase on both quartz and Ge/Si multilayer substrates. In both cases the surfaces were silanized with APS (see Fig. 2 ) and then treated with EMCS. Xiao et al. 50, 51 has also reported another example of selective attachment of a polypeptide through the thiol group of a Cys residue. In this case, two short cell-adhesive peptides containing single Cys residues were selectively immobilized onto a Ti surface previously treated first with APS and then with different maleimide amine-reactive compounds. More recently, Cheng et al. 52 have also used a similar approach for the attachment of wild-type yeast cytochrome c to a SiO 2 -based surface using APS and the heterobifunctional crosslinker, N-[γ-maleimidobutyryloxy]-sulfosuccinimide ester (sGMBS). The attached enzyme was linked to the surface through its natural residue Cys102. It is interesting to remark that the authors found that the immobilized protein was more resistant to denaturation by organic solvents than the free protein. Dill and co-workers 53 have predicted that in some cases, the surface could in fact enhance the stability of the protein tertiary structure to a great extent. Spatial confinement such as that occurring on some surfaces may rise the barriers for all dynamic processes in the protein, including those favoring extended (i.e. denatured) confirmations and hence shifting the equilibrium from the unfolded state to the folded state. 53, 54 Cheung et al. 40 have also used a genetically modified Cow Pea Mosaic Virus (CPMV) to create assembled viral nanostructures on maleimide-containing surface templates. In this work the CPMV was genetically engineered to present Cys residues at geometrically equivalent positions in the solvent-exposed βE-βF loop of the viral capsomer. 55 The maleimide containing surface templates were created by microprinting techniques and scanning probe nanolithography on a gold coated mica surface using a PEGylated amino thiol linker (see Fig.  4 ). The amino group was then reacted with N-(maleimido-propionyloxy)-succinimide ester (MPS) to yield the corresponding maleimide-containing surface template. The Cys-mutated CPMV was chemoselectively attached only on those areas containing the maleimide function (see Fig. 6 ). Mirkin and co-workers 56 have also used recently a similar scheme to template viral deposition on chemically modified surfaces. The thiol group can also react in an oxidative way with other thiols to form disulfides linkages. This approach has been used by several authors for attaching heme proteins containing single Cys residues to thiol-containing surfaces. 21, 57 The thiol group can be easily introduced on silicon-based surfaces using thiol alkylsilanes. However the disulfide linkage is less stable than the thioether bond described previously and can be easily reduced under slightly reductive conditions.
Other authors have used the thiol or the disulfide group as a way to attach proteins to an underivatized gold surface. As stated before, the thiol and disulfide groups can react with gold surfaces to form a relatively stable covalent bond. Aizawa and co-workers 58 used this approach for attaching protein A fragments to a gold surface through a unique Cys residue introduced at the C-terminus of the protein fragment by genetic engineering. The resulting attached protein A fragment retained the same IgG binding activitiy as the intact protein A and it was used for the highly oriented immobilization of antibodies. Mirkin and co-workers 59 have also used this kind of covalent immobilization for the creation of nano-metric patterns using collagen-peptide fragments containing a unique Cys residue in combination with the atomic force microscopy technique of dip-pen nanolithography.
Cavarelly et al. 60 also used the naturally occurring and unique disulfide bond present in the protein azurin. This protein was able to form highly ordered films when reacted with gold. In contrast, the same protein gave random orientations when adsorbed on a self-assembled monolayer of 11-mercaptoundecanoic acid on gold.
More recently Zare and co-workers 61 have also attached yeast cytochrome c to a gold surface through the naturally occurring Cys102. The attachment was followed by surface plasma resonance (SPR). This technique was also used to follow the denaturation and renaturation of the attached enzyme with different concentrations of urea. Interestingly, the authors found that the immobilized protein could be reversibly denatured and renatured, depending on the urea concentration. Also, the Gibbs free energy change for renaturation (∆G°w ater ) of the attached protein was about 4 times less than the published value for the protein in solution. This difference could indirectly explain the decrease in biological activity observed when of cytochrome c is attached to a gold surface.
In summary, the use of the Cys thiol group for achieving ordered immobilization of proteins and virus onto solid surfaces is an approach that has been widely used by the scientific community. It should be noted, however, that is not general method and can be only applied when there is only one reactive Cys residue, either artificially introduced o naturally occurring, on the protein to be attached. When the protein contains multiple Cys residues it is better to use alternative chemoselective methods.
Immobilization of carbonyl-containing proteins
None of the genetically coded amino acids contain carbonyl groups (i.e., aldehyde and ketone groups) in the side-chain, only some glycoproteins which have been post-translationally modified by glycosylation with reductive sugars.
The carbonyl function reacts at pH 5-6 very efficiently and selectively with hydrazine and hydroxylamine-containing substances to yield the relatively stable hydrazones and oximes, respectively (note that aldehydes react faster than ketones due to sterical reasons). The hydrazone function can be further stabilized by mild reduction with NaBH 4 (sodium borohydride) or NaBH 3 CN (sodium cyanoborohydride). These two facts open the possibility of using these well known chemical reactions for the selective attachment of proteins to solid supports with total control over the orientation.
The only requirements are the introduction of a unique carbonyl group in a well defined and solvent accessible position on the protein surface and the preparation of a hydrazine-or hydroxylamine-containing chemical surface. The hydrazine and hydroxylamine function can be easily introduced onto an amine-containing surface using the corresponding symmetrical anhydrides of the N-protected hydrazinoacetic acid (Boc-NH-NH-CH 2 -CO 2 H) or N-protected aminoxyacetic acid (Boc-NH-O-CH 2 -CO 2 H) as depicted in Figure 7A . The hydrazino group can be also easily introduced onto an aminated surface by using 2-bromoacetic acid and tbutyl carbazate (see Fig. 7B ). The hydrazide function also readily reacts with carbonyl groups (see Fig. 8 ) and can be easily introduced onto a silicon-based surface by using first thiolalkylsilanes and then a heterobifunctional crosslinker such as MBPH 62 (4-(4-Nmaleimidophenyl)-butyric acid hydrazide, see Fig. 8 ). In this case the maleimido group reacts selectively with the thiol-covered surface to introduce the hydrazide function onto the surface, which can react with any carbonyl-containing protein to give a highly ordered protein film (see Fig. 7 ). Carbonyl groups can also reversibly react with amino groups to give the corresponding imines, which can be reduced with NaBH 3 CN to provide more stable amine derivatives.
The most common method of introducing a carbonyl function into a protein is by mild sodium periodate oxidation. Oxidation of 1,2-diols (present in the polysaccharide chain of glycoproteins) and β-aminoethanol derivatives (N-terminal Ser and Thr residues contain a β-aminoethanol function) to the corresponding aldehydes derivatives. The periodate anion also oxidizes Met (to its sulfoxide) and thiol groups (usually to disulfides). These reactions, however, occur at slower rates than the oxidation of 1,2-diols and β-aminoethanol derivatives. Another milder procedure for introducing carbonyl groups into glycoproteins is the use of specific sugar oxidases. These enzymes only catalyze the oxidation of a specific monosaccharide and not with other sugars present in the polysaccharide chain. The most often used oxidase for this purpose is galactose oxidase, which forms C-6 aldehydes on terminal Dgalactose or N-acetyl-D-galactose residues. 63, 64 When galactose residues are penultimate to sialic acid, another enzyme, the enzyme neuramidase is used first to remove the sialic residue thus exposing the galactose residue for the enzymatic oxidation. Using these two independent methods, the sugar moiety of glycoproteins (including antibodies) can be oxidized to introduce selectively aldehyde groups in the glycosylation site of the protein. Proteins containing N-terminal Ser or Thr residues can also be selectively oxidized to yield aldehyde groups. [65] [66] [67] PCR-driven mutagenesis can be used for the introduction of the dipeptide Met-Ser/Thr-at the N-terminus of recombinant protein (note that the Met residue is always the first amino acid to be translated by the ribosome). Once the protein has been fully translated, the Met residue is then removed in vivo by the endogenoeus methionine aminopeptidase (MAP) enzyme yielding the corresponding N-terminal Ser or Thr residue. 68 Verdine and co-workers 69 have also used an enzymatic approach for introducing a N-terminal Ser residue into a protein. The leader peptide sequence Met-Ile-Glu-Gly-Arg-Ser was introduced by PCR-driven mutagenesis at the N-terminus of the original protein. This added extra sequence contains a Factor Xa proteolysis site which can be selectively cleaved after the Arg residue to yield the corresponding protein containing a N-terminal Ser residue. Tolbert and Wong 70 have also showed that the cysteine protease from Tobacco Etch Virus (TEV) can be used for the same purpose. This protease is highly specific and it can be overexpressed in E. coli. Other proteases that cleave at the C-terminal side of their recognition site, like enterokinase and ubiquitin C-terminal hydrolase, could be also used for the generation of Nterminal Ser residues. More recently, Schultz and co-workers 71 have evolved an orthogonal t-RNA-synthetase pair that makes possible the efficient incorporation of a keto amino acid , pacetylphenylanine, into proteins in E. coli with high translational fidelity in response to the amber nonsense codon.
The chemoselective attachment of a protein through a carbonyl function is the method most commonly used for the attachment of antibodies to solid surfaces. 19 Antibodies are glycosylated symmetrically at the Fc fragment and can be mildy oxidized with sodium periodate or the corresponding glyco-oxidase to yield an aldehyde function at the glycosylation site. For example, Muchova et al. 72 have been able to immobilize a monoclonal antibody directed against the carcinoembryonic cell adhesion molecule I (CECAM1) on a hydrazideactivated cellulose. This support was obtained by treating partially oxidized cellulose with adipic acid dihydrazide. The monoclonal antibody was first oxidized with periodate and then bound to the hydrazide-activated matrix through its glycosylation site. This functionalized cellulose substrate was then used for the purification of CECAM1 protein by affinity chromatography. Using a similar approach, Bilkova et al. 73 have been able to immobilize galactose oxidase through its carbohydrate chain to hydrazide-activated cellulose beads. The sugar moiety of the enzyme was oxidized with periodate to yield the reactive aldehyde function.
Some other authors have used the amine function instead the hydrazide function for attaching carbonyl-containing proteins to surfaces. 74, 75 It is important to remark, however, that in this case the linkage between the protein and the surface (i.e., an imine function) is not stable unless is reduced with mild reductive agents such as NaBH 3 CN. Reductive treatments of proteins may sometimes reduce the disulfide bonds of the protein, which may result in its biological inactivation. Note that antibodies contain several disulfide bonds which are essential for the stabilization of their tertiary and quaternary structure.
Immobilization through the protein C-terminus by using Expressed Protein Ligation
One the most efficient ways to attach biologically active proteins to surfaces through their Ctermini is by using Expressed Protein Ligation (EPL). 8 Key to this approach is the use of protein α-thioesters which can be efficiently attached to surfaces containing N-terminal Cys residues through Native Chemical Ligation (NCL, see Fig. 9 ). In this reaction, independently developed by Kent 76 and Tam 77 , two fully unprotected polypeptides, one containing an Cterminal α-thioester group and the other an N-terminal Cys residue, react chemoselectively under neutral aqueous conditions with the formation of a native peptide bond at the ligation site (see Fig. 9A ). The initial step in this ligation involves the formation of a thioester-linked intermediate, which is generated by a transthioesterification reaction involving the C-terminal thioester moiety of one fragment and the N-terminal Cys thiol group of the other. This intermediate then spontaneously rearranges to produce a native peptide bond at the ligation site. This type of thioester-based chemistry was first pioneered by Wieland in 1950's for the synthesis of small Cys-containing peptides. 78 Note that only N-terminal Cys residues thioesterintermediates can rearrange to the final amide bond. The non N-terminal Cys thioesters are non-productive and can be simply converted back to starting materials by including small amounts of a thiol cofactor in the reaction mixture. Polypeptide C-terminal α-thioesters can also react very efficiently with other N-nucleophiles such as hydrazine and aminoxy functions to yield the corresponding hydrazides and hydroxamates. 79 These reactions can be performed at pH 6-7 in the presence of the functional groups normally present in a protein without any kind of interference. The elucidation of the protein splicing mechanism by Perler and co-workers 80 has made the production of recombinant C-terminal α-thioester proteins possible by a modification of this naturally occurring splicing process. 46, [81] [82] [83] Protein splicing is a cellular processing event that occurs post-translationally at the polypeptide level. In this multistep process an internal polypeptide fragment, called intein, is self-excised from a precursor protein which allows the ligation of the flanking protein sequences (N-and C-exteins) to give a different protein (see Fig. 10A ). The current understanding of the mechanism involves the formation of thioester/ester intermediates. 84 The first step in the splicing process involves an N→S or N→O acyl shift in which the N-extein is transferred to the thiol/alcohol group of the first residue of the intein. After the initial N→(S/O) acyl shift, a trans esterification step follows in which the N-extein is transferred to the side-chain of a second conserved Cys, Ser or Thr residue located at the junction between the intein and the C-extein. The amide bond at this junction is then broken as a result of succinimide formation involving a conserved Asn residue within the intein. In the final step of the process, a peptide bond is formed between the N-extein and Cextein following an (S/O)→N acyl shift.
Mutation of the conserved Asn residue within the intein to Ala blocks the splicing process in midstream thus resulting in the formation of an α-thioester linkage between N-extein and the intein 85 (see Fig. 10B ). This thioester bond can be cleaved using an appropriate thiol to give the corresponding α-thioester N-extein through a transthioesterfication reaction. The IMPACT expression system, commercially available from New England Biolabs (www.neb.com), 86, 87 allows the generation of recombinant α-thioester proteins by making use of such modified inteins in conjunction with a chitin binding domain (CBD) for easy purification by affinity chromatography (see Fig. 10B ).
We have recently immobilized several biologically active proteins onto a modified glass surfaces through their C-termini using this approach. 8 Two fluorescent proteins (EGFP and DsRed) and a SH3 domain protein C-terminal α-thioesters were readily expressed in E. coli using an intein expression system. The α-thioester proteins were then efficiently immobilized onto a N-terminal Cys-containing glass slide. The chemical modification of the glass slide was accomplished first by silanization with (3-acryloxypropyl)-trimethoxysilane and then reacting Fig. 11 . PEGylated thiol linkers used to attach C-terminal α-thioester proteins to acryloxy-modified glass surfaces (see Fig, 12 ). Fig. 12 . Selective attachment of EGFP (green) and DsRed (red) α-thioesters onto a Cys-containing glass slide. Epifluorescence image of the glass slide after the protein spotting (top) and after PBS (phosphate buffer solution) washes (botton). EGFP with no α-thioester was used as control. Spotting was carried out using 100 µM protein solutions.
with a mixture of PEGylated thiol linkers 1 and 2 (see Fig. 11 ), in a molar ratio of 1:5, respectively. Linker 1 contained a protected N-terminal Cys residue for the selective attachment of the α-thioester proteins meanwhile linker 2 was used as diluent to control the number of reactive sites on the surface. Linker 1 also contains a longer PEG moiety than linker 2 to ensure that the reactive Cys groups were readily available to react with the corresponding protein α-thioester in solution. When the derivatization was complete, the protecting groups (N-Boc and S-Trt) of the Cys residue from linker 1 were removed by a brief treatment with trifluoroacetic acid. The surface was rinsed, neutralized and quickly used for spotting (see Fig.  12 ). The ligation reaction was kept at 36 h in the dark at room temperature and the proteinmodified slide was then extensively washed. As shown in Figure 12 , only specific attachment between the α-thioester proteins and the Cys-containing glass surface was observed. No fluorescence signal was observed where the control EGFP protein lacking an α-thioester was spotted. It is interesting to note that the immobilized DsRed protein, which only has red fluorescence as a tetramer, retained its red fluorescence thereby indicating that its quaternary architecture was unaffected by the attachment to the PEGylated glass surface.
Attachment through the protein N-terminal amino group
The α-amino group of a protein can react with a carbonyl group under slightly acidic pH (≈5) to yield the corresponding imine. However, as we have seen earlier, the imine function is Introduction of a glycol aldehyde ester on a surface modified to contain a carboxylic acid functionality. The glycoaldehyde group is introduced on the carboxylic group by esterification between the carboxylate cesium salt and the bromoacetaldehyde dimethyl acetal. The free aldehyde is released by acidic hydrolysis.
rather unstable and can not be used as a stable linkage for attaching proteins onto surfaces. One exception to this rule, however, is when the N-terminal amino acid of a protein is either Cys, Ser or Thr (note that all these amino acids contain an heteroatom, either oxygen or sulfur, in β position to the α-amino group). In these cases the initially formed imine reacts intramolecularly with the heteroatom through a favorable 5-member ring transition state to give the relatively stable thiazolidine or oxazolidine ring (see Fig. 13 ). Tam and coworkers 88, 89 have further developed this reaction by using a glycol aldehyde ester (see Fig. 13A ). In this case the nitrogen on the thiazolidine (or oxazolidine) ring attacks the ester function through a favorable 5-member ring transition state to finally give a very stable pseudo-proline linkage.
These two reactions are extremely chemoselective and therefore can be used for the attachment of proteins to an aldehyde-containing surface through its N-terminus under relatively mild conditions. The aldehyde function can be directly introduced into a silicon-based surface by using the commercially available aldehyde-containing 4-oxo-butyltrialkylsilane 11 or by indirect means using an aminated-silicon surface (see Fig. 14) . 90 . On the other hand, recombinant proteins containing N-terminal Ser, Thr or Cys residues can be easily obtained by using different specific proteolytic approaches as described earlier.
As we have seen already in the previous section, N-terminal Cys polypeptides can also react very efficiently at neural pH with α-thioesters. Yao and co-workers 18 have used this approach for the immobilization of small N-terminal Cys-containing polypeptides onto a thioestermodified surface through NCL. 
Immbobilization using the Staudinger ligation reaction
A modification of the so-called Staudinger reaction has been recently developed by two groups independently. [91] [92] [93] [94] This reaction allows the chemoselective formation of an amide bond between an arylphosphine moiety and azide group (see Fig. 15A ). The reaction proceeds by the nucleophilic attack of an arylphosphine on the azide group to form a reactive aza-ylide intermediate. The acyl group then traps the ylide intermediate in an intramolecular fashion, resulting in an amide-linked phosphine oxide after hydrolysis. In the modified version of this reaction the attack of the ylide on the acyl group cleaves also at the same time the arylphosphine moiety yielding at the end a neat amide bond formation (see Fig. 15B ). This reaction is highly chemoselective and works with better yields when Z is -CH 2 -(note that in this case the transition state during the intramolecular rearrangement is again a favorable 5-membered ring) and X is sulfur (i.e. a thioester function). The introduction of the arylphosphine derivative in carboxylic-containing surface can be conveniently carried out (see Fig. 15C ) by using an activated carboxylic surface and the diphenylphosphinomethanethiol which synthesis has been recently reported by Raines and coworkers 95 for the immobilization of small azide-containing synthetic polypeptides onto glass slides.
The azide function is not present in any naturally occurring protein. However, Bertozzi and co-workers, 96 have recently reported a novel method for incorporation of azide groups into recombinant proteins. They showed the unnatural amino acid azido-homoalanine, a surrogate of methionine, can be loaded into the methionyl-tRNA synthetase of E. coli and incorporated in recombinant proteins expressed in methionine depleted bacterial cultures by using a methionine auxotroph E. coli strain. It is important to note, however, that this approach would only work if the protein only contains a unique solvent accessible (i.e., reactive) methionine residue. Otherwise, multiple solvent accessible azide groups would be incorporated in the corresponding protein and therefore the control over the orientation during the attachment would be lost. It is also important to remember that the first amino acid to be translated by the ribosome during the biosysthesis of any protein is always a methionine residue and this residue is efficiently removed by the endogenous methionine aminopeptidase only when the second residue is Gly, Ala, Pro, Ser, Thr, Val or Cys. 68 In all the remaining cases the N-terminal methionine will not be cleaved efficiently thus providing a unique methionine residue in proteins when no additional Met residues are exposed.
Chemoenzymatic methods for the site-specific attachment of proteins to surfaces
All the methods described so far rely on pure chemoselective reactions with little or not entropic activation at all. That means that the efficiency of these reactions depends strongly on the concentration of the reagents (i.e. on the concentration of the protein to be attached to the corresponding surface) to bring close enough both reactants in order to allow them to react in an extremely efficient way.
A way to overcome this intrinsic entropic barrier and make ligation reactions more efficient, even under high dilution, is through the introduction of complementary moieties in the protein and the surface, which can form a stable and specific intermolecular complex. Once formed, this complex brings both reactive groups in close proximity thus increasing the local effective of both reactants. This increment in local effective concentration results in the efficient and selective covalent attachment of the protein to the surface even under diluted conditions (see Fig. 16 ). This effect has been already reported to improve the rate of several intermolecular 97, 98 and intramolecular 45, 99 protein chemical ligation reactions under high dilution conditions. The main advantages of using this approach are: (1) the requirement of considerable less protein since the ligation reaction works very efficiently even under high dilution conditions; and (2) no need for purification since at high dilution the only protein that will react with the surface will be the one having the complementary affinity and reactive tag (see Fig. 16 ).
Immobilization by using active site-directed capture ligands
This approach relies on producing a recombinant fusion protein which contains a capture protein (usually an enzyme) as well as the protein of interest to be immobilized at the surface.
The surface is modified to contain a ligand (usually a substrate for the enzyme) that would be specifically recognized by the capture protein. This ligand is designed to contain a reactive group which, once the complex is formed, will react covalently with the capture protein thus leading to the immobilization of the fusion protein.
The idea of using reactive ligands to capture proteins has been used by Meares and coworkers 100 for creating antibodies with infinite affinity. In this interesting work, the authors created an antibody against a metal-complex ligand which contained a reactive electrophile close to the binding site. When the antibody and the ligand are apart, their complementary groups do not react (mainly due to the dilution effect). However, when the antibody specifically binds the ligand, the effective concentration of their complementary groups is greatly increased thus leading to the irreversible formation of a covalent bond.
More recently, Mrksich and co-workers 101 have used this same principle for the selective attachment of protein onto surfaces with total control over the orientation (see Fig. 17 ). In their approach, they used the protein calmodulin fused with the enzyme cutinase as a capture protein. Cutinase is a 22 kDa serine esterase that is able to form a site-specific covalent adducts with chorophosphonate ligands. 102 The chlorophosphonate group mimics the tetrahedral transition state of an ester hydrolysis. When it binds specifically to the active site of the enzyme, the hydroxyl group of the catalytic serine residue reacts covalently with the chlorophosphonate to yield a stable covalent adduct that is resistant to hydrolysis (see Fig.  17B ). In this case the authors used a gold surface to immobilize the cutinase inhibitor. The attachment is extremely selective and can be carried with the whole crude E. coli periplasmic Fig. 16 . Attachment of a protein to a surface by using an entropically assisted chemoselective reaction.
lysate containing the cutinase fusion protein thus demonstrating that there is no need to purify the protein before the immobilization step. 101 This approach has been also recently used for the preparation of antibody arrays on self-assembled monolayers presenting a phosphonate capture ligand. 103 Walsh and co-workers 104 have also recently reported a very elegant scheme for the chemoenzymatic site-specific modification of proteins. In their approach the target proteins are expressed as fusions to a peptide carrier protein (PCP) excised from a nonribosomal peptide synthetase (NRPS). NRPS PCPs are 8-10 kDa autonomously folded, compact and stable domains. These domains contain one specific Ser residue that can be catalitically phosphorylated by the phosphopenateinyl (Ppant) transferase SFP using CoA (Coenzyme A) as substrate. Using the Ppant transferase SFP from B. subtilis, the authors were able to specifically label proteins with Ppant-biotin using biotin-CoA as substrate. These biotinlabeled proteins were used to produce protein microarrays onto an avidin-coated glass slide. In a similar way this approach could be used for the site-specifi immobilization of PCP-fusion proteins onto surfaces derivatized by CoA. Fig. 17 . Attaching proteins to a surface by using an active-site directed capture ligand approach. (A) Principle of the active-site directed capture ligand approach. (B) Structure of F. solani cutinase enzyme free and bound to the inhibitor n-undecyl-O-methyl phosphonate chloride. The inhibitor is covalently bound through the sidechain hydroxyl group of the Ser120 residue which is located at the active site of the enzyme.
Immobilization by using protein trans-splicing
The main limitation of the previous methods, however, is that the linker between the protein of interest and the surface is always another protein or protein domain. In some cases, the presence of such a big linker could potentially give rise to some problems, specially in those applications where the attached protein will be involved in studying protein/protein interactions with complex protein mixtures, 6 , 105 mainly due to potential cross-reactivity issues. In order to address this problem, our group is of developing a new method for the chemoenzymatic attachment of proteins to surfaces based on the protein trans-splicing process (see Fig. 18 ). This process is similar to the protein splicing described earlier (see Fig. 9A ) with the only difference that the intein self-processing domain is split in two fragments (called Nintein and C-intein, respectively). 106, 107 These two intein fragments alone are inactive. However, they can bind each other with high affinity under the appropriate conditions yielding a totally functional splicing domain.
In our approach, one of the fragments (C-intein) is covalently attached to the surface through a small peptide-linker while the other fragment (N-intein) is fused to the C-terminus of the protein to be attached to surface. When both intein fragments interact, they form the active intein which ligates the protein of interest to the surface at the same time the split intein is spliced out into solution (see Fig. 18 ).
Conclusions and Perspectives
In this review, we have summarized several of the most commonly used as well as the latest developments in chemoselective reactions for the controlled attachment and orientation of proteins onto solid surfaces. As mentioned earlier, the ability to attach proteins to a solid support in an ordered fashion will play a critical role in biology and biophysics. For example, Fig. 18 . Site-specific immobilization of proteins through its C-termini to a solid surface by using a protein transsplicing technique.
the creation of functional protein microarrays is critical for the progress in proteomics research. 2, 3, 108, 109 Like DNA chips, protein chips will allow the analysis and screening of thousand of proteins simultaneously, which will promote the discovery of new drug targets. Moreover, it should be relatively easy to employ protein chips to screen potential drug candidates for unwanted side-effects in all the metabolic pathways. Protein chips can also be also used as a diagnosis tool for profiling protein expression in order to find potential potentially relevant biomarkers. 109 Another potential application for ordered protein films on surfaces will be the production of optimized biosensors. 110, 111 An ordered protein film has a higher activity density than a random protein film, where a significant percentage of the protein molecules bound to the surface are potentially inactive conformations. This will allow biosensor miniaturization without losing sensitivity.
Also, the combination of recent nano-lithography techniques combined with the ability to bind proteins in extremely ordered fashion will allow the creation of protein nanopatterns which could be used as templates for the crystallization of biomolecules. This emerging technology is expected to have a significant impact in structural biology field as the main bottleneck in this field is obtaining suitable crystals for physical studies.
In summary, protein biochips furnish us with very powerful tools that will shape the future of biology and biophysics.
